Small-angle neutron scattering (SANS) measurements have been performed under ambient conditions to characterize deuteride (hydride) particles in Zircaloy 4, a fuel cladding material used in pressurized light-water nuclear reactors. Hydrogen pickup by the cladding leads to a rim structure in which large circumferential hydride plate-like particles preferentially form on the cooler water-side region of the cladding. Deuterium substitution has been used to increase the coherent response and decrease the incoherent background of the SANS measurements. Four bulk deuterium concentrations were investigated, approximately 100, 400, 500 and 1000 parts per million by weight (w.p.p.m.) deuterium, as well as a zero-deuterium-concentration reference sample. The net SANS response from the deuteride phase was determined at all concentration values after subtraction of the reference SANS response, which effectively subtracted the strong scattering from second-phase particles in as-received Zircaloy. The net SANS response consisted of strong Porod scattering from deuteride particles over the entire measured Q range (0.005-0.4 Å À1 ). The net SANS response was anisotropic at concentrations greater than 100 w.p.p.m. and required elliptical averaging analysis. A significant sample orientation effect on the intensity of the SANS response was observed, due to preferential alignment of deuteride particles. The effect of ex situ applied stress at elevated temperature on deuteride phase dissolution and reprecipitation was investigated; a weak effect was observed with SANS that could not be confirmed by optical microscopy.
Introduction
Zirconium-based alloys are used as fuel cladding in light-water nuclear reactors (LWRs) throughout the world. The cladding must maintain adequate strength and ductility to prevent rupture during in-core service, post-service pool storage and long-term dry-cask storage. LWR cladding undergoes radiation hardening and embrittlement during service and experiences significant tensile hoop stress evolution due to fission gas release from the fuel and from fuel swelling, leading to mechanical or physical contact between the fuel and inner cladding surface. This contact significantly increases the hoop stress within the cladding wall. In addition, a water-side oxide layer and large circumferential hydride platelets form in the Zr matrix (Lemaignan & Motta, 1994; Sawatzky, 1960; Courty et al., 2014) . Large hydride particles consist of many small platelets that self-organize via an autocatalytic process that minimizes strain energy (Carpenter et al., 1973; Perovic et al., 1983; Pulls, 2012) . A temperature gradient exists within the cladding wall and preferential hydride precipitation occurs on the cooler water-side portion during in-service hydrogen pickup; this non-uniform distribution is known as a hydride ISSN 1600-5767 # 2018 International Union of Crystallography rim structure. Radiation hardening, embrittlement, tensile hoop stress evolution, corrosion and hydride formation all act to limit the service lifetime of the cladding.
Small-angle scattering techniques [small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS)] transform real-space structure into reciprocal space, but with measured intensity at much smaller wavevector transfer values than wide-angle diffraction. The applicable real-space length scale is from $10 to 2000 Å . Small-angle scattering techniques are sensitive to structural heterogeneities over this length scale. Ensemble-averaged particle size, shape and size distributions can be determined in the small-angle regime (Gerold & Kostorz, 1978; Glatter & Kratky, 1982; Heuser & Althauser, 1999) . The advantages of SANS are (1) exceptional sensitivity to particles in dilute solution, as is demonstrated in this work, (2) the ability to contrast match specific structural features via deuterium $ hydrogen substitution, often employed in biological and polymer studies, (3) weak scattering from homogenous materials facilitating in situ studies using furnaces, cryogenic environments and shear cells, for example, and (4) the above-mentioned ensemble average determination of particle size, shape and size distribution. The majority of SANS work over the past several decades has focused on hydrogenous media such as biological systems, clays, suspensions and polymers because the characteristic length scales often fall into the small-angle regime, the contrast is typically significant, and deuterium $ hydrogen substitution can be employed to increase or decrease the relative contrast between components. SANS of metals and metal hydrides is a small subset of the overall SANS work to date.
An open fuel cycle is currently employed in the US, mandating long-term storage of used nuclear fuel for geological time periods of order 10 5 years. Mechanical integrity of the cladding against rupture must be sustained during this storage period. One mechanism that could potentially lead to post-service failure is delayed hydride cracking (DHC) resulting from hydride particle reorientation under tensile hoop stress (Kearns & Woods, 1966; Puls, 1990 Puls, , 2009 Coleman, 1982; Kim, 2008) . Hydride reorientation has been extensively studied in an effort to understand dependencies on stress, hydrogen concentration and thermal history (Kearns & Woods, 1966; Singh et al., 2004; Hong & Lee, 2005; Daum et al., 2006; Desquines et al., 2014) . Technical specifications for drying procedures prior to dry-cask storage exist to mitigate hydride reorientation and potential DHC. In addition, the newest class of Zr-based LWR cladding has been developed to limit corrosion and hydride formation during service (Bossis et al., 2006; Billone et al., 2008) .
Hydride dissolution and precipitation as a function of temperature and applied load has been studied in situ with synchrotron X-ray diffraction (XRD) at third-generation photon sources (Lin et al., 2017; Tulk et al., 2012; Colas et al., 2010; Zanellato et al., 2012) . High incident X-ray energy ($10 2 keV) results in appreciable transmission through samples with thickness of order 10 0 cm, enabling Laue geometry diffraction measurements. Furthermore, the high incident energy contracts reciprocal space and entire DebyeScherrer rings can be imaged with excellent solid angle resolution using pixelated two-dimensional area detectors. The quantification of hydride phase texture in the cladding material (Daum et al., 2009; Zanellato et al., 2012) and the mechanical response of the Zr-hydride system, with both uniform (Kerr et al., 2008) and non-uniform hydride distribution (Lin et al., 2017 (Lin et al., , 2016 , has been effectively studied with synchrotron X-ray diffraction and neutron diffraction. Synchrotron X-ray diffraction was also applied to study the hydride reorientation in Zr-based alloys. For example, Colas et al. (2010 Colas et al. ( , 2013 studied the 111 peak line broadening of the -Zr hydride phase and correlated this to a strain broadening effect due to reorientation. Alvarez et al. (2012) suggested that hydride reorientation could be studied by d-spacing measurements of the (111) reflection along different orientations relative to the matrix, because radial hydrides (reoriented) and circumferential hydrides (non-reoriented) have different preferred growth directions.
The utility of XRD measurements using high-brilliance third-generation X-ray sources to study the hydride phase in Zr alloys rests with adequate sensitivity to minor second phases with weak diffraction contrast. SAXS measurements of the hydride phase in Zircaloy are difficult, however. First, weak contrast exists between the hydride phase and the matrix because (1) X-rays interact with electrons, (2) hydrogen adds only a single electron to the hydride phase and (3) the electron density scales with atomic number density. The SAXS contrast between a hydride phase and a metal matrix is determined solely by the volumetric lattice expansion, which can be large and can result in a resolvable SAXS response. However, strong Porod scattering from intermetallic second-phase particles (ISPPs) in Zircaloy dominates the response in the case of SAXS and subtraction is difficult because of the inherently weak hydride-matrix contrast. Intermetallic second-phase particles in the Zircaloy family are collectively referred to as -phase particles. In principle, SAXS analysis of hydrides would be possible in pure zirconium, lacking ISPPs. However, we know of no examples of SAXS applied to the study hydrides in Zircaloy or pure Zr in the published literature.
On the other hand, characterization of ISPP size distributions in Zircaloy using SAXS has been performed (Uno et al., 1996; Sen et al., 2000; Srirangam et al., 2015) and complements microscopy because of the inherent ensemble averaging. ISPPs in Zircaloy increase the corrosion resistance of the matrix (Cox, 2005) , an extremely important property of LWR cladding, and this was a motivating factor for SAXS analysis.
Much stronger hydride-particle-matrix contrast exists for neutron scattering techniques because the scattering contrast depends both on the atomic number density and on the neutron nuclear scattering length, the latter varying nonsystematically with the number of nuclides in the nucleus. It is therefore possible to have much stronger contrast between hydrides and metal matrices. The substitution of deuterium for hydrogen increases the coherent foreground and decreases the incoherent background, facilitating neutron scattering measurements of metal-hydrogen (deuterium) systems. Examples include the Zr-Nb hydride (Fong & Spooner, 1994) , Pd hydride (Chen & Heuser, 2001) and Nb hydride (Heuser & Althauser, 1999) . By way of example for our case, the scattering length contrasts (Á) between the Zr matrix and the -phases ZrH 1.7 and ZrD 1.7 are Á = À2.73 Â 10 10 cm À2 and Á = 4.62 Â 10 10 cm À2 , respectively. This corresponds to a factor of approximately three greater coherent scattering intensity (proportional to Á 2 ) for the deuteride phase. The utility of SANS to study metal hydrides cannot be understated. The technique can provide particle shape information and is very sensitive in the dilute low-particle-concentration limit. Our SANS measurements are sensitive to deuteride phase particles at a hydrogen-equivalent concentration of 50 parts per million by weight (w.p.p.m.) (ZrH 0.005 ). Characterization of the hydride phase at this concentration using synchrotron XRD would be difficult because most -phase peaks are in close proximity to matrix peaks in reciprocal space.
We present SANS measurements of Zircaloy 4 with deuterium at different concentrations. Some samples were placed under an applied ex situ tensile stress at elevated temperature to investigate deuteride stability with respect to dissolution and reprecipitation. This aspect of our work is inconclusive. Undeformed unloaded Zircaloy 4 reference samples were also measured to subtract the second-phase particle scattering response from the deuterium-loaded samples. As-received Zircaloy contains approximately 20 w.p.p.m. hydrogen, all precipitated into the hydride phase at ambient temperature. The small SANS response from these hydride particles will be subtracted in the net response calculation. This is unavoidable but is not considered to be a significant source of error in the evaluation of the SANS response from the deuteride phase.
Experimental
Cold-worked stress-relieved (CWSR) Zircaloy 4 (Zy4) was supplied by ATI Specialty Alloys and Components as a -quenched 3 mm-thick rolled plate. This material had nominal Zy4 composition by weight of 1.20À1.70 Sn, 0.18À0.24 Fe, 0.07À0.13 Cr, balance Zr and a total Fe + Cr composition of 0.28À0.37 as specified by ASTM Standard B353-12 (ASTM, 2012). Samples were double-side mechanically polished, with the final step using a 0.05 mm silicon dioxide suspension. Deuterium loading was facilitated by the deposition of a thin ($0.2 mm) Ni coating on both sides of loaded samples. The Ni coating enhances the near-surface deuterium chemical potential, serves as a catalyst and results in reproducible time-pressure loading behavior. A Sievertstype apparatus gas charging system (Chen & Heuser, 2000) was used to load the samples with deuterium by exposure to the gas phase at 673 K. Samples were cooled to ambient temperature at a rate of 1 K min À1 to promote the precipitation of -deuteride particles (fast cooling rates favor metastable phases; Bradbrook et al., 1972) . The presence of the -hydride (deuteride) phase for this procedure has been confirmed with XRD (Lin et al., 2016) . Deuterium loading was performed with all samples under a stress-free environment. The deuterium concentration was determined from the total pressure change using the known sample mass, the charging system volume and the ideal gas law (Chen & Heuser, 2000) . The volume fraction of the -hydride phase is 0.033 at 1034 w.p.p.m. and 0.0031 at 98 w.p.p.m. deuterium. Resolution of a net SANS response at the lowest concentration is a demonstration of the sensitivity of SANS to dilute particle solutions.
A list of the samples investigated is given in Table 1 . This table contains sample gauge thickness, deuterium concentration values and applied tensile stress conditions. The typical gauge area was $1 cm 2 . The sample identification nomenclature is materialÀsample numberÀdeuterium concentration in w.p.p.m.Àtensile stress in MPa (Zy4-34-1034d-163MPa, for example).
Cold-rolled Zy4 has a known texture in which two basal plane (0002) poles align AE30À40 from the normal direction (ND) toward the transverse direction (TD) and reside in the ND-TD plane (Lemaignan & Motta, 1994) . The texture of the as-received material used here was characterized by XRD and agreed with the known texture; details of this analysis can be found elsewhere (Lin et al., 2016) . The 673 K deuterium loading temperature is below the recrystallization temperature of Zircaloy of $873 K (Foster et al., 1990) and has no effect on the matrix CWSR microstructure. The face-centered cubic -hydride (deuteride) phase is known to have a preferred lattice orientation relationship with the Zr matrix, (111) || (0001) Zr (Carpenter et al., 1973; Perovic et al., 1983; Yuan et al., 2106) . This preferred orientation has been confirmed for our samples as well (Lin et al., 2016) . Optical microscopy was performed to examine the deuteride morphology. Contrast between the Zircaloy matrix and the -deuteride phase was achieved by swabbing an etchant consisting of deionized water, nitric acid, sulfuric acid and hydrofluoric acid with a ratio of 10:10:10:1 for 10 s on the mechanically polished surface.
Two ex situ temperature-stress applied load conditions were used to study deuteride stability with respect to deuteride dissolution and reprecipitation. One condition consisted of an isothermal tensile load applied at 473 K for 20 h with subsequent slow cooling under the applied load. The tensile load was applied along the TD, the tensile hoop stress direction during service. A second set of samples were cycled between 423 and 673 K under constant tensile load (tensile load values listed in Table 1 ). The temperature cycling procedure involved heating to 674 K quickly (25 K min À1 ), holding for 1 h, cooling at 1 K min À1 to 423 K, and immediately repeating for a total of eight or ten cycles.
Three real-space directions are used for Zircaloy during experimental investigation: the ND perpendicular to the free surface (the radial direction in a cylindrical coordinate system); the in-plane rolling direction (RD) along the extrusion or rolling direction (the axial direction in a cylindrical coordinate system); and the in-plane TD along the hoop direction (the tangential direction in a cylindrical coordinate research papers system). SANS measurements of all samples were performed with the incident beam along the ND and the corresponding Q plane was the TD-RD plane. Samples were measured with either TD or RD oriented vertically. One sample (Zy4-34-1034d-163MPa) was measured in a second orientation with the incident neutron beam along the TD and the measured Q plane corresponding to the RD-ND plane (RD vertical) . This measurement (on the GP-SANS instrument) allowed us to study the effect of preferred deuteride orientation by comparing Q:TD-RD with Q:RD-ND. The different sample orientations are listed in Table 1 .
Two SANS instruments were used for these measurements, the Extended-Q SANS (EQ-SANS) instrument at the Spallation Neutron Source (SNS) and the General Purpose SANS (GP-SANS) instrument at the High Flux Isotope Reactor (HFIR) (Heller et al., 2018) . The SNS at Oak Ridge National Laboratory is a time-of-flight neutron source optimized for neutron scattering measurements. All detected neutrons are digitally recorded as discrete events by 3 He-filled linear position sensitive detectors. The SNS was operating at approximately 1 MW during the course of our two measurement runs, which used approximately four total days of beam time. The EQ-SANS instrument at the SNS (Zhao et al., 2010) was used to measure the absolute differential macroscopic cross section dAE/d over a wavevector transfer range of 0.005
. The scalar wavevector transfer is given by Q = (4/) sin (/2), where is the neutron wavelength and is the scattering angle. Two sample-to-detector distances were used, 1300 and 4000 mm, to record high and low Q ranges, respectively. The respective wavelength band pass ranges were :6À9.5 Å (high Q) and :9.5À13.1 Å (low Q). Samples were measured in air at ambient temperature. The PorSi B standard was used to determine the calibration factor at low Q to convert measured intensity to absolute differential macroscopic cross section. The radially averaged high-Q data were scaled to the low-Q data over the overlapping range of Q values ($0.02-0.05 Å À1 ) to create dAE/d versus Q plots across the entire wavevector transfer range. All data at both detector settings were corrected for the known sample thicknesses, the detector sensitivity, area background, empty beam background and -dependent sample transmission.
An additional set of measurements was performed using the GP-SANS instrument at the HFIR at Oak Ridge National Laboratory over a 48 h run. This instrument is configured to probe an intermediate Q range of 0.0133 Q 0.214 Å À1 using a 7.5 Å neutron wavelength, a 15% wavelength resolution, a 2684 mm sample-to-detector distance, a 7294 mm source-to-sample distance (five guides inserted) and a 76 mmdiameter beam stop. No detector offset was used. A porous silica standard (similar but not identical to the EQ-SANS PorSi B standard) was used as a calibration source. The GP-SANS data were corrected for the known sample thicknesses, detector sensitivity, area background, empty beam background and sample transmission. The SANS response from Zy4 samples with and without deuterium loading and Zy4 samples with the same deuterium concentration with and without applied tensile stress has been measured. As discussed in the Introduction, significant scattering from Zircaloy ISPPs occurs in the small-angle scattering regime. Resolution of the net SANS response from the deuteride phase and from changes in the deuteride phase induced by applied tensile stress at elevated temperature therefore requires very good counting statistics. The isotropic intensity from a two-dimensional area detector is typically . ‡ Zero deuterium concentration, but not zero hydrogen concentration. As-received Zircaloy has $20 w.p.p.m. hydrogen. averaged over the detector azimuthal angle (converting Q to Q), and this greatly improves the statistics of a dAE/d versus Q onedimensional format. However, anisotropic scattering is observed for some samples and azimuthal averaging is not entirely valid. We use elliptical averaging to reduce selected samples from this group.
The counting statistics of the sample transmission measurements are equally important to resolve small net scattering intensities, especially at low Q where a longer wavelength band pass (significantly lower incident beam intensity) is used. We recorded the sample transmission for the low-Q measurements for 30 min, five to six times longer than typically done. This improves the transmission counting statistics to a fractional error of order 10 À2 or better. Furthermore, the wavelength-dependent transmission values are fitted with a higher-order polynomial and this fit is used for data reduction. The area detector scattering measurements were 2-4 h in duration for both EQ-SANS and GP-SANS.
Results of SANS analysis
Elliptical-symmetry scattering anisotropy is evident in the two-dimensional SANS area detector images shown in Fig. 1 . The images shown in Figs. 1(b)-1(f ) are of the net intensity, with the reference sample (Zy4-49-00d-00MPa) intensity subtracted on a pixel-bypixel basis. Isotropic scattering or very weak anisotropic scattering is observed at the lowest deuterium concentration (sample Zy4-31-98d-00MPa), while weak anisotropy is observed in the Zy4 reference sample (Zy4-36-00d-00MPa). The weak scattering anisotropy in the reference sample may be due to hydrides present in the as-received material. Strong scattering anisotropy is observed at intermediate and high deuterium concentration (Zy4-33-394d-00MPa and Zy4-35-1034d-00MPa). One sample (Zy4-34-1034d-163MPa) was measured in two orientations, TD-RD and RD-ND; the twodimensional detector images for these orientations are shown in Figs. 1(e) and 1(f ), respectively. These images are consistent with the known orientation of the textured deuteride particles, as discussed in the next section.
Least-squares fitting of iso-intensity contours of the twodimensional detector images to Q 2 (cos 2 ' + 2 sin 2 ') = constant was performed to determine , the minor-to-major axis ratio b/a (' is the azimuthal detector angle). Examples of this fitting are shown in Fig. 1 as white ellipses. Further assessment of was performed versus Q (not shown). These values are listed in Table 2 and demonstrate that 6 ¼ f(Q) holds for a given sample. This is a requirement for elliptical averaging, discussed below.
The b/a ratio can also be determined by analysis of the scattering anisotropy by assuming that the Q dependence is separable from the azimuthal dependence, so that scattering intensity I(') ' (cos 2 ' + 2 sin 2 ') Àn/2 (Gu & Mildner, 2016) . We assume n = 4 (Porod scattering) for this analysis. We fit the azimuthal dependence of the intensity within a narrow scattering range (0.03 Q 0.04 Å À1 ) using this form in Fig. 2 . This analysis yields the values that are included in Table 2 . The values are related to the real-space ellipsoid axis ratio (with caveats discussed in the next section), but with axis inversion due to the Fourier transform associated with reciprocal space.
The two-dimensional data can be averaged over all azimuthal directions (typically referred to a radial average), resulting in one-dimensional plots of (dAE/d)(Q) versus Q. These data are shown in Fig. 3 and include corrections for detector sensitivity, empty beam background, area background, sample transmission and an absolute cross section calibration. While averaging assumes circularly symmetric scattering that is not valid for anisotropic scattering, it is still useful for intensity comparison purposes. The Zy4-49-00d-00MPa sample was measured on both EQ-SANS and GP-SANS. A comparison of the one-dimensional data in Fig. 3(a) research papers Figure 1
Two-dimensional detector images of the Q x Q y reciprocal plane, showing anisotropic scattering with elliptical symmetry for samples with intermediate to high deuterium concentration. The TD is vertical in all images and the Q plane corresponds to the real-space RD-TD plane. The exception is Zy4-34-1034d-163MPa, measured on GP-SANS, where the RD is vertical and the measured Q plane corresponds to RD-ND. The greater pixilation of the EQ-SANS instrument images is due to the combined neutron wavelength and spatial detector binning. The images include subtraction of the dark current and empty beam measurements. The net images (b)-(g) include the additional subtraction of the reference sample (Zy4-49-00d-00MPa). White ellipses overdrawn on the Zy4-34-1034d-163MPa EQ-SANS and GP-SANS images (e), ( f ) show the result of two-dimensional elliptical fitting (a/b ratio given in Table 2 ). The vertical blue streaks in the EQ-SANS images are failed detector tubes. The linear intensity scale saturates at low Q. The beam stop is rendered as low-intensity blue or white at the center of the detector in some images.
demonstrates that the corrections for data reduction associated with the two instruments, including the absolute intensity calibration samples, result in reasonable (but not exact; see Porod amplitudes listed in Table 1 ) reproducibility. A comparison of the SANS response from three reference samples (zero deuterium loading, no applied tensile stress) is shown in Fig. 3(b) . A Zircaloy 2 reference sample (Zy2-4-00d-00MPa) is included in the reference sample comparison but this material was not part of our investigation of deuteride particles. The absolute cross sections in Fig. 3 follow the Porod power law given by
where Á is the scattering length density ( = Nb, where b is the scattering length and N is the atomic number density) contrast between the structural inhomogeneity (the ISPPs and deuteride particles, the latter a second-phase particle as well) and the matrix and S/V is the total surface area to volume ratio. Porod scattering is the asymptotic small-angle scattering response from interfaces defined by a discontinuity in Nb, such as the interfaces defining embedded second-phase particles. Porod scattering can occur for any particle shape provided Nb discontinuities exist. Generally, the small-angle scattering response can be divided into two Q regimes; the Guinier regime so that Ql ' 2 and the asymptotic regime so that Ql ) 1, where l is the characteristic length scale of the scattering object or structural inhomogeneity. The Q dependence within the Guinier regime is determined by the single-particle form factor and the interparticle structure factor, the latter becoming insignificant in dilute solution. The asymptotic response is independent of the particle form factor, with magnitude determined by the scattering length density contrast and the total surface area to volume ratio, as indicated by equation (1). Anisotropic Porod scattering can result from oriented anisometric particles, such as aligned embedded plate-like particles (Heuser & Althauser, 1999) . The Porod amplitude A P includes the particle size distribution via the S/V ratio; this distribution can be determined if the particle shape and Á are known a priori or assumed (Srirangam et al., 2015) . This becomes challenging for the case of aligned anisometric particles, as in our case, and we do not attempt this analysis. The Porod amplitudes we determine will underestimate the S/ V ratio because of preferential alignment. We list the A P values determined over a constricted Q range of 0.018À0.023 Å À1 for our samples in Table 1 for the purpose of general comparison of the strength of the SANS response, not quantitative analysis of the S/V ratio or the particle size distribution. However, one sample, Zy2-34-1034d-163MPa, was measured in two orthogonal directions and the average of the respective Porod amplitudes (7.8 Â 10 À7 cm À1 Å À4 sr À1 ) is a more representative measure of the total S/V ratio.
The SANS responses shown in Fig. 3 all follow the Porod law, with a high-Q incoherent background. The three Zy4 reference samples (Zy4-36-00d-00MPa, Zy4-47-00d-00MPa Annular averaged SANS intensity integrated between Q values from 0.03 to 0.04 Å À1 as a function of detector azimuthal angle: (a) Zy4-49-00d-00MPa, Zy4-33-394d-00MPa and Zy4-32-394d-170MPa; (b) net Zy4-32-394d-170MPa minus Zy4-33-394d-00MPa; and (c) Zy4-34-1034d-163MPa in the RD-ND and TD-RD orientation. Error-weighted best fits using I(') ' (cos 2 ' + 2 sin 2 ') Àn/2 , where n = 4 (Porod scattering) is assumed, are shown as solid lines. This fitting yields the À1 values listed in Table 2 . Note the intensity scales (y axes) are all in units of absolute differential cross section. Error bars for the Zy4-34-1034d-163MPa RD-ND and Zy4-34-1034d-163MPa TD-RD data are smaller than the plotting symbols.
Figure 3
Radial average absolute differential macroscopic cross section versus wavevector transfer: (a) comparison of Zy4-49-00d-00MPa measured on the GP-SANS and EQ-SANS instruments; (b) zero-deuterium no-applied-load reference samples; (c) comparison of reference sample and deuterium-loaded samples with no applied load; (d) net response from with-deuterium samples minus the without-deuterium reference sample (all no applied load) for three different deuterium concentrations; and (e) net response from with-applied-load minus no-applied-load samples for 394 w.p.p.m. deuterium concentration. Thick solid lines show a Q À4 power law (Porod) behavior in all plots. The inset to (b) is a Guinier plot of low-Q Zy4-49-00d-00MPa data yielding an ISPP particle radius of approximately 350 Å . Error bars are smaller than plotting symbols when not visible.
and Zy4-49-00d-00MPa) have nearly identical scattering responses (the Porod amplitudes in Table 1 agree to within the quoted statistical uncertainty). These three measurements were performed during two separate experimental runs separated by 18 months and this comparison establishes the reproducibility with respect to all corrections needed for absolute intensity.
The low-Q rollover for the Zircaloy reference samples is the result of either an over subtraction of the empty beam (the beam stop penumbra is not properly corrected for) or a particle size effect. The ISPP size distribution in Zircaloy has been measured with small-angle scattering (Uno et al., 1996; Sen et al., 2000; Srirangam et al., 2015) . The work of Srirangam et al. extended into the ultra-small-angle regime with X-rays, capturing the effect of the particle form factor for ISPPs in Zy4 and revealing a bimodal size distribution. Guinier analysis of the low-Q data from Zy4-49-00d-00MPa (Fig. 3b inset) yields an ISPP particle size of approximately 1 = 700 Å , representing the minimum particle size. This dimension is consistent with the main peak in the ISPP bimodal size distribution of Srirangam et al. We therefore attribute the rollover to the size of the ISPPs and the beginning of Guiniertype scattering at the lowest Q values.
The purpose of our work is to study deuteride stability and we do not present additional analysis of the Zircaloy ISPP scattering. However, we note that the approximately factor of two lower Porod scattering from Zy2 compared to Zy4 in Fig. 3(a) ) values assuming the same S/V ratio exists in Zy2 and Zy4.
The SANS response from the three deuterium-loaded and the reference samples (all without ex situ applied tensile load) are shown in Fig. 3(c) . A systematic trend of increasing response with deuterium concentration is evident, as is the general Porod behavior of the scattering response, although the power law exponent is not exactly 4 over the complete Q range. The net SANS response, defined as the difference between the with-deuterium measurement and the reference (both without ex situ applied stress), is shown in Fig. 3(d) . The ability of SANS to resolve an increasing SANS response from the deuteride phase as a function of concentration is demonstrated by these net data.
The effect of applied ex situ tensile load is examined for the 394 w.p.p.m. deuterium-loaded sample in Fig. 3(e) , the net response defined as the with-tensile-load response minus the without-tensile-load response at the same deuterium concentration. The applied tensile load (ex situ at 473 K for 20 h) appears to have increased the SANS response. On the other hand, temperature cycling at approximately the same concentration (473 versus 394 w.p.p.m.) slightly reduced the Porod intensity, and a significant reduction is induced by temperature cycling at low deuterium concentration (Zy4-43-100d-80MPa versus Zy4-31-98d-00 MPa in Table 1 ). The effect of isothermal applied tensile load of the 1034 w.p.p.m. sample was also a significant reduction in the SANS intensity (Zy4-34-1034d-163MPa versus Zy4-35-1034d-00MPa in Table 1 ). The effect of the different tensile loading conditions at different deuterium concentrations is captured in Fig. 4 , a histogram plot of the Porod amplitudes listed in Table 1 . Overall the effect of tensile loading on the observed SANS response is not consistent or systematic. The Fig. 4 histogram plot also includes the Porod amplitude for the GP-SANS measurement of Zy4-34-1034d-163MPa. The orientation effect (Q:TD-RD versus Q:RD-ND) is significant, resulting in a factor of 2.5 increase in Porod amplitude. This is discussed below. Histogram representation of Porod amplitude values from Table 1 versus deuterium concentration. White bars are for zero tensile stress; the effect of deuterium concentration is to systematically increase Porod scattering. Isothermal tensile stress (blue bars) increases the Porod response above the zero-tensile-stress response at 400 w.p.p.m. deuterium, but decreases the response at 1000 w.p.p.m. Temperature-cycled tensile stress (black bars) appears to have the opposite effect, decreasing the Porod amplitude compared to the zero-tensile-stress case. The GP-SANS measurement of Zy4-34-1034d-163 MPa (blue cross-hatched bar) has a significantly higher Porod amplitude owing to the different sample orientation and preferential deuteride particle alignment, as discussed in the text.
Figure 5
Absolute differential macroscopic cross section versus modified wavevector transfer Q* from elliptical averaging. The curves are the net response from the with-deuterium sample minus the without-deuterium reference for three different deuterium concentrations (all zero tensile stress) analogous to Fig. 3(d) . The thick solid line shows a Q À4 power law (Porod) behavior. The inset shows an example modified wavevector transfer Q* mapping (as iso-intensity color contours of Q*) onto the Q x Q y plane based on equation (2) The circularly symmetric radial average performed to generate the one-dimensional plots of (dAE/d)(Q) versus Q in Fig. 3 is not valid for samples with a strong anisotropic scattering response. dAE/d versus Q analysis of anisotropic smallangle scattering requires either a sector average in which intensity is determined over a constricted range of azimuthal detector angles or a noncircular average over all azimuthal angles. We perform elliptical averaging using the modified scalar wavevector transfer Q* defined by
where |Q| is the scalar wavevector transfer Q, is the ratio b/a of the minor-to-major axes of the elliptical scattering pattern and ' is the azimuthal detector angle (Summerfield & Mildner, 1983; Reynolds & Mildner, 1984) . The result of elliptical averaging for the net SANS response from three zero-tensile-load samples is shown in Fig. 5 . These onedimensional plots are analogous to Fig. 3(c) , with the abscissa independent variable now the modified wavevector transfer Q*. Since < 1 for elliptically symmetric scattering, the Q* range is shifted to lower values. An example of the mapping of Q* onto the Q x Q y detector plane based on equation (2) is shown in the inset of Fig. 5 . A one-dimensional dAE/d versus Q* plot can then be constructed provided is not Q dependent for a given sample. The values from iso-intensity contour fitting listed in Table 2 support this provision. Optical microscopy has been performed to image the deuteride-phase particles at a deuterium concentration of 394 w.p.p.m., within the resolution of the microscope (estimated to be equal to or slightly below 1 mm). A series of optical micrographs are shown in Fig. 6 for the zero-tensileload material (Zy4-33-394d-00MPa, left-hand micrographs) and the isothermal-tensile-load samples (Zy4-32-394d-170MPa, right-hand micrographs). All micrographs show the ND-TD plane with the RD out of the paper normal to these directions. The sample orientation during SANS analysis was an incident beam direction along the ND with the TD-RD plane coinciding with the measured Q plane. The deuteride particle morphologies are similar in appearance and do not support conclusive statements with respect to changes induced by isothermal load. This is consistent with the small amount of deuterium ($40-100 w.p.p.m.) put into solution at 473 K relative to the total concentration (394 w.p.p.m.). The same explanation will hold for temperature cycling under load, although more deuterium will go into solution at the higher Optical micrographs of Zy4-33-394d-00MPa (left column) and Zy4-32-394d-170MPa (right column) with ND and TD as shown so that the micrograph plane normal corresponds to the RD. The tensile stress ( = 170 MPa) is applied to Zy4-32-394d-170MPa along the TD. The dark bands running horizontally, approximately orthogonal to the ND and therefore in the TD-RD plane, are circumferential deuteride particles. A finer deuteride phase morphology appears to be induced by the application of the tensile load at 473 K, although this is not conclusive evidence. Arrows at highest magnification point to examples of deuteride particles with plate normal directions rotated from the ND, consistent with the known matrix basal plane texture.
Figure 7
Optical micrographs of Zy4-34-1034d-163MPa, showing the deuteride phase morphology for the EQ-SANS (TD-RD) and the GP-SANS (RD-ND) measurement orientations.
(673 K) temperature. One aspect of the deuteride phase morphology clear in Fig. 6 is the tendency for platelets to stack together or self-organize to form larger particles. This is known to occur in the Zr-H system (Carpenter et al., 1973; Perovic et al., 1983; Puls, 2012) .
A comparison of the Zy4-34-1034d-163MPa deuteride particle morphology for the two different SANS measurement orientations is shown in Fig. 7 . The morphologies are similar and we might be inclined to assume equal Porod intensity. However, optical microscopy only reveals the intersection of the particles with the free surface. The texture of the matrix and the habit plane of the phase results in the deuteride particles aligning orthogonal to the Q plane for the RD-ND configuration; this will maximize the Porod signal. The opposite is nearly true for the TD-RD measurement configuration, leading to a significantly smaller Porod amplitude (4.5 versus 11.2 cm À1 Å À4 sr À2 ; see Table 1 ). A schematic illustration of the two measurement orientations is shown in Fig. 8 .
Discussion and summary
The one-dimensional (dAE/d)(Q) versus Q SANS response from the reference zero-concentration and deuterium-loaded samples exhibits a systematic trend of increasing scattering intensity with solute concentration. We attribute all smallangle scattering intensity to Porod scattering, the result of interfacial discontinuities within the sample (Ciccariello et al., 2002) . In our case, the interfaces are associated with embedded second-phase particles. Two types of second-phase particles exist, -phase particles [Zr(Cr,Fe) 2 in Zircaloy 4] and deuteride particles. The -phase particle scattering is the largest component of the SANS response from all Zircaloy 4 samples, except at 1034 w.p.p.m. deuterium concentration. Subtraction of the reference signal from deuterium-loaded samples is effective and results in a systematic increase in the net SANS response with deuterium concentration. The 98 w.p.p.m. sample, with a hydrogen-equivalent concentration of $50 w.p.p.m., has a concentration approximately twice the allowable limit for as-fabricated Zircaloy LWR cladding. The net SANS response at this low solute concentration probably represents the lower limit of resolvable deuteride scattering. The resolution of the response at such a low concentration is a demonstration of the utility of SANS to characterize the -deuteride phase in Zircaloy.
The SANS response becomes noticeably anisotropic at intermediate concentration (394 w.p.p.m. deuterium, = 0) , and this anisotropy is especially strong at 1034 w.p.p.m. ( = 0). Analysis of the net SANS responses for 394d and 1034d ( = 0) shown in Figs. 1 and 2 treats the scattering objects as ellipsoids of revolution. The elliptical fitting in reciprocal space, associated with either the two-dimensional detector images or the annular average intensity, yields the particle aspect ratio in real space. However, our system has some degree of polydispersity and misorientation of the deuteride particles. This will act to reduce the apparent aspect ratio determined in reciprocal space. It will also smear out the anisotropic scattering from perfectly aligned platelets, which would be strong streaks orthogonal to the plate surface. In fact, optical microscopy demonstrates that the deuteride particles have a much larger aspect ratio, perhaps ten or greater.
The a/b ratios listed in Table 2 are greater for the annular average fitting. We attribute this to a lack of sensitivity associated with the two-dimensional detector image fitting since the iso-intensity contours are not well defined. Any averaging operation, such as that associated with annular averaging in Fig. 2 or the circularly symmetric averaging associated with Fig. 3 , greatly improves the statistical nature of the pixilated raw data.
The large circumferential deuteride plates known to form during slow cooling across the terminal solid solution solubility line have plate normal directions perpendicular to the Q plane for our EQ-SANS measurement geometry. The surfaces of these plates therefore lie within the measured reciprocal space plane. In principle these surfaces should not contribute to the measured net SANS intensity. However, as stated above, Zircaloy 4 is highly textured and the deuteride platelets will have a preferred orientation due to the textured matrix. This effect induces a rotation of the deuteride platelets out of the Q plane, resulting in a measurable SANS signal (see Fig. 8 ). Small-angle scattering from the circumferential deuteride plate is best revealed with an incident beam direction along either the TD or the RD. This was done for Zy4-34-1034d-163MPa using the GP-SANS instrument with the incident beam along the TD. In this case, the deuteride particle surfaces are orthogonal to the reciprocal plane defined by the detector (Left) Schematic illustration of the two measurement configurations, EQ-SANS (Q = TD-RD) and GP-SANS (Q = RD-ND), for Zy4-34-1934d-163MPa , where k i is the incident neutron wavevector. This illustration assumes that the deuteride habit plane corresponds to the texture (0001) Zr pole. The illustration demonstrates that the deuteride plates are close to being orthogonal to k i = ND, which reduces the Porod intensity for the EQ-SANS orientation since the platelets preferentially lie in the Q plane. (Right) Cross section illustration of the two measurement configurations, showing weak Porod scattering when the deuteride platelet normal vectors coincide with the incident beam direction (top) and strong Porod scattering when the normal vectors are orthogonal to k i (bottom). A large fraction of the interfacial area is orthogonal to the Q plane in the bottom right orientation, and this leads to strong Porod scattering. and a much stronger signal is observed, as illustrated schematically in Fig. 8 . Fong & Spooner (1994) recorded the SANS response from furnace-cooled Zr-2.5Nb along both the TD and the RD and observed strong scattering anisotropy consistent with circumferential plates. These authors also performed a single SANS measurement with the incident beam along the RD for $100 w.p.p.m. deuterium in the Zr-2.5Nb binary system and observed isotropic scattering, consistent with our measurement of the 98d sample. Fong and Spooner did not determine absolute cross sections or perform elliptical analysis. Fig. 2(a) documents the systematic development of scattering anisotropy with deuterium concentration. The greater scattering anisotropy at higher deuterium concentration is due to the fact that the normal vectors of the deuteride particle surface area are rotated from the reciprocal plane normal direction toward the TD. This rotation is in the direction of the known (0001) Zr basal plane texture, which is also tilted toward the TD within the ND-TD plane. The scattering anisotropy we observed is consistent with a subset of the deuteride particles on a preferred habit plane coinciding with the textured matrix basal plane. These platelets are observed at highest magnification in Fig. 6 .
The GP-SANS measurement orientation is more favorable with respect to Porod scattering from preferentially aligned deuteride particles, as Fig. 2 (c) demonstrates and as illustrated in Fig. 8 . The Q:RD-ND orientation bisects the deuteride platelet such that the plate normal vectors have a significant component within the measured reciprocal lattice plane. In this case, a significant portion of the matrix-particle interfacial area is orthogonal to the Q plane. This combined with the preferred alignment of the deuteride particles leads to stronger Porod intensity with greater anisotropy. Changes in the deuteride particle morphology induced by 473 K isothermal tensile loading are difficult to identify with optical microscopy. The stronger anisotropic net Porod scattering, peaked along the TD, after isothermal loading of the 394d sample matrix (Fig. 2b ) may be due to some amount of reorganization or redistribution of the platelets, but we cannot state this with certainty since it is not evident in optical microscopy analysis. Furthermore, 473 K isothermal tensile loading decreased the SANS intensity at 1034 w.p.p.m. deuterium relative to the = 0 case. Additionally, all temperature-cycled samples had reduced scattering intensity relative to the = 0 case, including the zero-deuteriumconcentration reference sample. It is possible that temperature cycling induced some dynamic recovery (the tensile load was below the yield limit in all cases) and the smaller Porod amplitude is due to reduced small-angle scattering from dislocations. Dislocation small-angle scattering follows a Q À3 power law at small angles (Heuser, 1994) and recovery could manifest as a smaller Porod amplitude. However, the SANS response from dislocations is very weak (dAE/d ' 10 À1 cm À1 sr À1 at our low-Q limit) and this explanation is not realistic.
For the reference sample, a more likely explanation is the presence of hydrides in the as-received Zircaloy material. All manufactured Zircaloy has an upper limit of $20 w.p.p.m. hydrogen. The solubility limit of hydrogen in Zircaloy at room temperature is effectively zero and all hydrogen is in the hydride phase. These hydride particles will contribute to the Porod amplitude of the reference material; the estimated contribution is A P ' 10 À8 cm À1 Å À4 sr À1 . If temperature cycling has the opposite effect to isothermal tensile loading, coarsening as opposed to refining the morphology, then the Porod amplitude of the reference sample will decrease by this amount, as is observed. Additionally, the weak scattering anisotropy observed along the TD (see Fig. 2a and Table 2 ) may be evidence of hydrides. The reduction in Porod intensity observed for other with-deuterium samples following postthermal treatment could be due to coarsening of the deuteride phase morphology so that the total surface area to volume ratio decreases.
Conclusion
SANS analysis of the = 0 deuterium-loaded samples shows a systematic increase of the net response with deuterium concentration. The SANS response from ISPPs is larger than that from deuteride particles, except at the highest deuterium concentration (1034 w.p.p.m. deuterium). Subtraction of the ISPP scattering allows resolution of the deuteride phase response to a lower concentration limit of approximately 100 w.p.p.m. deuterium or 50 w.p.p.m. hydrogen equivalent. This scattering too is Porod. Scattering anisotropy develops at intermediate deuterium concentration along the TD for = 0 and becomes strong at the highest concentration. Analysis of this anisotropy assuming elliptical symmetry yields aspect ratios (major-to-minor axis ratios) of 1.4-2. These values underestimate the actual aspect ratio observed with optical microscopy because of particle polydispersity and misorientation. Significantly greater Porod scattering is observed when the sample is oriented so that the incident beam is along the TD. This places the deuteride particles in an orientation with greater interfacial area perpendicular to the measured Q plane, maximizing the Porod response and associated anisotropy. The effect of thermo-mechanical treatments on deuteride morphology could not be conclusively identified. The combined temperature-tensile load was too low to induce significant dissolution and reprecipitation at the deuterium concentrations used here. However, our analysis demonstrates the utility of SANS to study oriented deuteride (hydride) particles in Zircaloy matrices. Thermo-mechanical processes that do induce hydride reorientation could be investigated with SANS. Such analysis would complement XRD data, for example, by providing information on particle orientation relative to the textured matrix and particle shape in the dilute limit and at low solute concentration.
